The objective of this paper is to carry out photoacoustic investigation of surface plasmons, so as to explore the possibility of employing photoacoustic techniques in real time sensing based on plasmon resonance spectroscopy. Such sensors exploit the high sensitivity of the surface plasmon frequency to the refractive index of layers of adsorbed molecules on the surface. Generally the resonance conditions are influenced by the material adsorbed onto the thin metal film, which will be explored in this project. An in house developed photoacoustic technique is employed as the detection system and subsequent spectroscopic investigations.
INTRODUCTION
Surface Plasmon resonance effect (SPR) has indispensible applications in many fields [1] [2] [3] . The most significant of them perhaps be in the field of real-time bio-sensing. It is important for bio-sensors to be sensitive enough to detect even the smallest amounts of bio-molecules. There are several instances when conventional spectroscopy becomes inadequate, even for clearer and transparent materials. Such a situation arises when one attempts to measure a very weak absorption, which in turn involves the measurement of significantly small change in the intensity of the strong and unattenuated transmitted signal.
Surface plasmons (SP) are photon-coupled quanta of electrons and they can be excited at the metal-dielectric interface only when the momentums between incident photon and surface plasmon respectively are matched. The simplest way to achieve momentum matching between excitation photon and plasmon is utilization of high index prism over the metal medium such as gold film [4] [5] . In Kretschmann configuration the base of the high index prism is coated with a thin metal film. The wavevector of SP depends on the dielectric constants of both media (metal medium and neighboring surrounding medium). It is extremely sensitive to properties of the dielectric medium which is in contact with the metal. As SP circumvents the diffraction, it can be confined in nanosize domain and hence interaction with sub-micrometer to a few nanometers size of material is possible. The most common technique that has been widely examined the excitation of SP is the measurement of reflection coefficient of incident optical beam. But such an approach is not mostly suitable for the sample with weak absorption characteristics. Higher detection sensitivity is always desirable for improving sensing performance. Measurement of phase variation during SP excitation expected to provide higher sensitivity to SPR sensors. However, the complexity of the technique associated with phase detection impedes the targeted development. Moreover, most of the optical detection systems (such as linear photo arrays, CCD etc.) that currently employed for measuring the reflection remained off the interrogation region due to its sophistication thereby increasing the size of the system. Significance of photo acoustics techniques comes in the context that it may pave the way for bio-sensors with greater sensitivity as they are capable of detecting temperature rises of 10 -6 to 10 -5 in the sample, or thermal power generation of about 10 -6 calories/cm 3 . Furthermore, since the sample itself constitutes as the electromagnetic radiation detectors enabling studies over a wide range of optical and electromagnetic wavelengths are possible without the need to change detector systems. Though the sensitivity can be tuned to desired range by varying incident radiation power, the prime concern was about the required source energy. Depth profiling of layered structured however possible due to adoption of this technique. The compactness of the PA detection system enables easy integration with the existing Kretschmann configuration based SPR system for applications such as on-chip detection. This paper in this context explores the nuances of photoacoustic technique and its integration with SPR concept for possible application as biosensor. Investigations carried out include the theoretical simulation of SPR and its validation by experimental means followed by the significance of providing a basis of comparison with photo acoustic experimental data. It was established that SPR signals and photoacoustic signals have an inverse relationship. At the critical angle, reflectivity is highest and absorption of p-polarized photons is lowest leading to the least amount of p-polarized photons getting decayed into heat, resulting in minimum fluctuation of thermal expansion and minimum photoacoustic signal. Conversely, at the SPR angle the reflectivity is lowest, and absorption of p-polarized photons is highest leading to larger amount of p-polarized photons getting decayed into heat, resulting in maximum fluctuation of thermal expansion and maximum photoacoustic signal.
EXPERIMENTS AND METHODS

Measurement of Reflectivity employing Surface Plasmon Resonance
A cost effective and simpler SPR experimental set-up, configured to verify the SPR angle is shown in Figure 1 . A solid state laser [SUWTECH LDC-1500] operating at the nominal wavelength of 532 nm is employed as the source beam. The setup utilizes the two-prism configuration proposed by Mohanty et al. [6] [7] .
SP can be excited either by moving the prism or by moving the excitation source. In this configuration, the source of the incident beam is held at a fixed position, while the prism is rotated to vary the incident angle. The resonance angle at which SP is excited is found by employing the above described configuration. The largest lateral surface of a prism with BK7 crystal was sputter-coated with a gold nano-layer of 60 nm thick. The polarizer was set to polarize the incident beam in the direction parallel to the plane of incidence, in this case in the horizontal plane. As indicated earlier, the plane of polarization has to be in the p-polarization plane for SPR to occur. The focusing lens was positioned such that the incident light was focused onto the gold nano-layer on the prism. This is to maximise the SPR signal. An aperture is placed after the focusing lens to reduce stray reflections. The prism that has gold nano-layer was positioned on the rotation stage such that the beam reflects off a stationary spot on the gold nano-layer througout the scanning range of incident angles. This was done to ensure that SPR investigation is conducted for only one location of the gold nano-layer rather than for a scanning area. The second prism was arranged on the rotation stage such that the exiting beam will fall within the active area of the photodiode throughout the range of angles scanned. Care was taken to ensure that within this scanning range, the exiting beam would be properly incident on the photodiode, to reduce errors that may occur as a result of shifting incidence of the exiting beam across the detecting area. The optical chopper [SR540] and photodiode were connected to the reference input and input channels of the lock-in amplifier [SR830], respectively. This was done to eliminate noise associated with the system and environment.
It must be noted that the angle recorded and varied is the incident angle at the uncoated lateral face of the prism (surface AB in figure 1 ) rather than at the face coated with gold nano-layer (surface AC in figure 1) . Thus, suitable computations were made to estimate the incident angle from surface AB to those required at BC. The relationship of the angles incident at surface AB that measure clockwise from the normal are related to the incident angle at surface AC are given by
where denotes the incident angle at surface AC, and denotes the incident angle at surface AB.
The relationship of the angles incident at surface AB that measure anti-clockwise from the normal are related to the incident angle at surface AC are given by
where denotes the incident angle at surface AC, and denotes the incident angle at surface AB. The rotation stage was jogged at intervals of 0.1° through a range of 10° on either side of the normal and the photodiode signal was recorded at each jogstep. Reflectivity at each jogstep was found by dividing the photodiode signal at each jogstep by the original photodiode signal. A graph of reflectivity was plotted against the incident angle using MATLAB. The same experiment was repeated for a gold coating of 78 nm and, likewise, reflectance was plotted against the incident angle using MATLAB.
SPR Experiment for Measuring Photoacoustic Signal
An experiment was conducted to measure the photoacoutic (PC) signal generated by surface plasmon by configuring a system as shown in the schematic diagram, Figure 2 . This setup differs from the setup of the previous experiment by way of keepng the source beam stationary such that the transducer used to measure the photoacoustic signal is stationary. Thus noise that may affect the accuracy of the photoacoustic signal due to movement or vibrations can be subdued to a great extent. The light from the source[DPSSL, SUWTECH LDC-1500]was coupled to an optical fibre and taken through an assembly consisting of a polarizer and an optical chopper. Another optical fibre is used to guide the polarised beam through the focusing lens onto the prism. The prism was mounted on the transducer chamber, where the transducer was fitted. The transducer chamber was fabricated such that a small air cell separates the gold-layer and the transducer chamber so as to enable the creation of sound waves.
Figure 3. Illustration of transducer chamber
Technical drawings for the transducer chamber can be found in figure 3 . It encloses chamber of depth 1 mm. PA chamber is connected to the microphone by a tunnel of diameter 1.2mm and a length of about 14 mm.
The contact areas between the prism and transducer chamber as well as between the transducer chamber and the transducer were sealed using vacuum grease to prevent any leakage of the acoustic piston effect out of the air pocket. The transducer chamber was positioned such that the beam focuses on a stationary spot on the gold nano-layer on the prism througout the scanning range of incident angles. The beam spot on the gold nano-layer was ensured to be stationary for the same reasons mentioned earlier in 2. EXPERIMENTS AND METHODS 2.1 Measurement of Reflectivity (Pl. see section 2.1). For this investigation, a pre-amplifier with filter was used in addition to the lock-in amplifier to further improve the signal to noise ratio, as the transducer has high levels of sensitivity. The optical chopper was connected to the reference input of the lock-in amplifier. The transducer was connected to the lock-in amplifier input channel. The rotation stage was again jogged at intervals of 0.1°, and the photoacoustic signal at each jog step was recorded. Due to the sensitivity of the tansducer, Fast Fourier Transform (FFT) filter smoothing was done on the photoacoustic signals to eliminate high frequency noise. The experiment was carried out at two modulation frequencies, 7 Hz and 11 Hz, to verify the result and to assess repeatability. A graph of photoacoustic signal against incident angle was plotted using MATLAB. The graph was compared with that plotted for the experiment measuring reflectivity. From both sets of experimental data, it can be observed that a peak in reflectivity occurs before a dip. At the peak, the ratio of incident light intensity to reflected light intensity is at a maximum. This would mean that there is minimum loss. The peak is a result of TIR. The peak is at the angle where the highest amount of energy of the incident light is passed, through the evanescent wave along the metal and crystal interface, back to the reflecting light.
Comparison of theoretical data with experimental data for reflectivity
Therefore, the subsequent minimum reflectivity would give the SPR angle, since the angle is after the critical angle for TIR, and is where the greatest amount of energy is lost due to maximum excitation of surface plasmons. For both thicknesses, the theoretical values of SPR correlate well with the experimental value. For a thickness of 60nm, the theoretical value of SPR angle is at 43.91 degrees while for experimental value SPR angle is at 43.95 degrees. For a thickness of 78nm, the theoretical and experimental values of SPR angle both occur at 43.88 degrees.
After the SPR angle, reflectivity increases as incident angle increases. This indicates that the amount of energy lost through surface plasmon excitation is decreasing, with the light intensity returning to initial levels. The profile of reflectivity against incident angle forms a basis for comparison with photoacoustic signals.
Photoacoustic investigation
Error! Reference source not found. for modulation frequencies 7 Hz and 11 Hz respectively. From the data, it can be seen that at both frequencies, a peak occurs at the SPR angle. This result is consistent with earlier reported data by different groups [9] [10] [11] [12] . For 7 Hz modulation frequency, the photoacoustic signal is higher at every incident angle as compared to 11 Hz. These indicate that lower frequencies resulted in higher photoacoustic signals. Figure 5 . Comparison of (a) reflectivity profile and (b) photoacoustic profile for gold nano-layer of 60nm Figure 5 shows the comparison of the reflectivity profile with photoacoustic signal profile against incident angle. As can be seen from the graph, peaks in reflectivity correspond with dips in photoacoustic signal, and vice versa. It can be established that reflectivity and photoacoustic signal have an inverse relationship. According to Inagaki et al [12] , the absorptivity for p-polarized photons is affected at each angle of incidence into two parts, one of which contributes to the photoacoustic signal by decaying nonradiatively into heat, and the other part which escapes from the sample by decaying into photons or into emission of photoelectrons without contributing to the photoacoustic signal.
At the critical angle where reflectivity is highest, absorption of p-polarized photons is lowest since there is little difference between the incident intensity of light and reflected intensity of light. As such, least amount of p-polarized photons decays into heat. Fluctuation of thermal expansion is then at its least, resulting in low amplitudes of the photoacoustic piston effect, i.e. minimal photoacoustic signal. Conversely, At the SPR angle, reflectivity is at its lowest due to maximum absorption of p-polarized photons. The resulting amount of p-polarized photons decaying into to heat is at a maximum. This fluctuation of thermal expansion would then be at its maximum, resulting in high amplitudes of the photoacoustic piston effect, i.e. maximum photoacoustic signal.
CONCLUSION
Photoacoustic investigation of surface plasmons was thus realized, establishing the relationship between SPR and photoacoustics. An in house developed photoacoustic technique was designed and proven to be feasible as a real time sensor based on plasmon resonance spectroscopy through the repeatability of photoacoustic results using different modulation frequencies. Theoretical simulations done verified experimental results for SPR, thereby providing a basis of comparison with photoacoustic experiment results. Future investigation will be on realizing photoacoustic bio-sensor as well as to explore different materials and different nano-layer thicknesses with an aim to achieve targeted signal enhancement.
